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ABSTRACT 


An experimental investigation was performed to determine 
the feasibility of obtaining particle size data using pulsed- 
ruby holography in a three-dimensional metallized solid 
propellant rocket motor. Holograms of a USAF Resolution 
Target and a LEOS dot target were taken under various conditions, 
With the system Besen determined to be under 5 microns. 
Good quality holograms were obtained at pressures of 91, 110, 
and 280 psi using an HTPB/ammonium perchlorate propellant with 
B crcent; 20 micron aluminum. Holograms were not successful 
mene pressure of 240 psi and 560 psi with a 2 percent aluminized 
AP/GAP propellant. For this propellant, transmittance tests 
aui cated complete opacity during the steady-state portion of 


the burn. 
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Aluminum is added to solid propellants to increase 
performance and to suppress high frequency combustion 
Mistabpiwitaes. The aluminum provides a higher specific impulse, 
but incomplete combustion of the aluminum agglomerates and 
two-phase nozzle flow losses reduce the combustion efficiency. 
ከ ከ xoverall combustion efficiency of the motor is highly 
EST ne Upon che particle sizes within the combustion chamber. 
Petco the propellant burning process, the metallic particles 
are exposed to the surface of the propellant. Some of the 
particles leave the surface rapidly while others first combine 
and form agglomerates on the surface. The smaller particles 
eemeraliy undergo complete combustion, while the larger 
۰۰٢۰٠٢٦٠٦6 may not burn completely and/or can result in large 
condensed oxide particulates and are subject to aerodynamic 
lus caused by the large acceleration gradient between the 
ከብ 8 and liquid phases. This interaction of gas and particle 
mms extremely important in the analytical modeling of the 
need propellant motor exhaust nozzle expansion process. The 
MES dynamics are very sensitive to the size and distribution 
nes particles, and very little data is currently available. 

Knowledge of the behavior of particulates in the combustion 
emambers and exhaust nozzles of solid propellant motors is of 


ጠን ከከ)... lle to the effect on performance and specific 


Impuls ers) current models are semi-empirical and are 
generally based upon particle size distributions which were 
obtained from motion pictures and/or collected particül 09) 
strand burners or collected nozzle exhaust flows fron NÊRÊ 
motors [Ref. 1]. The highly difficult task of generato MM 
particle size distribution data in the combustionzechemp u 

from the propellant surface to the nozzle entrance Seems )'٥٣ 
Suited 6 77: 

Holography is under investigation at the Naval Postgraduate 
School as a technique to obtain quantitative data On thé o ይዩ 6 
of propellant properties, operating pressure, and nozzle 7 
metry on the behavior of metallized particulates wit mom 
grain port and nozzle of solid propellant rocket motors. NNI 
data are needed to improve performance predictive ص٦‎ 
provide input to current combustion models, provide maa ٦ 
the effects of motor and propellant conditions on the es 
plume, and to provide particle data to increase theae U êê 
in stability and specific impulse analyses m=) | heme 

The holographic technique provides a lares sS view 
and both amplitude and phase information, which allows 2B 
image to be reconstructed. Narrow pass laser line TACOS 
incorporated in order to eliminate the flame envelopes 
surrounding the burning particles. Smoke generation prea aa 
a problem because the laser light can only penetrate 
amount. Another problem caused by the smoke is K 


unsteadiness, which makes it difficult to 1810 0٣١٦ 


10 





reference beam to scene beam illumination ratio, between 5 
Md JO co 1. In order to overcome the problems dito Obtain 
a hologram of the steady-state combustion process a very 
Precise method OL firing the laser must be incorporated into 
the system in use. 

The laser holographic system used in the present 
investigation consisted of a pulsed ruby laser [Ref. 3] 
together with a holocamera [Ref. 4]. The operating wavelength 
was 694.5 nm with a beam diameter of approximately 3.2 cm. A 
one joule pulse with a 50 nsec pulsewidth has been used. 

۲۰٠ ٠٠۰٠۰٠٥٦٠ 07 SM bur ice Naval Postgraduate School have included 
Ene use of strand burners within a nitrogen purged combustion 
bomb and small 2-D, windowed motors. Propellant strands were 
bummed at pressures of 54 and 68 atm, with aluminum concen- 
ኪዩን] 06፡1 ህን ከዐ 135. Successful elimination of schlieren 
effects and flame envelopes was achieved in the holograms using 
s (ise illumination. Holograms in the 2-D motor were 
AWecesstul for propellants with up to 5% metal additive and 
Mmeessures to 59 atm, as well as at 55 atm and 10$ aluminum. 
meaner Concentrations of aluminum, 10% and 15%, and increased 
pressures made the taking of holograms impossible [Ref. 2]. 
Present efforts are directed at a 3-D, windowed rocket motor. 

Iun uc animation nas been used in the past to minimize 
Mmmempresence Of Schlieren produced by temperature and density 
n Ons of the combustion gas during the burn. The diffuse 


MAR nat on produces speckle in the reproduced image, which 


p 


was reduced through the use of a spinning mular or m ÊNÊ 
focal point of the observation oa 

In the 5-D motor investigation conducted by Yoon Re TRE 
methods for determining the reference to scene beam illuminate 
ratio were established. In addition, all the currente 
stand apparatus was installed and set in working order. Yoon’s 
investigation also established a requirement for a more accurate 
method of firing the laser-holocasmera appanacuce 

The objects of this investigation were: 


(1) to develop a computer controlled firing َ ى٣‎ 
triggeringsthe holocameras 


(2) to develop a reliable method for obtaining the holograms, 


(3) to obtain good quality holograms Ifromi K ma 
propellants and/or rocket motore cometi Teng 
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A. BACKGROUND 

Three main systems were used to complete the current 
investigation. <A pulsed ruby laser system and holographic 
camera, a $-D windowed rocket motor, and a krypton-ion 


reconstruction laser with a microscope and camera. 


ከ EQUIPMENT 
l1. Maser and Holocamera 

The pulsed ruby laser operates at a wavelength of 
IS aa with an output beam diameter of 3.2 cm. The system 
emits a single Q-switched pulse of approximately 1 joule total 
EP roy aAndsapproxamately 50 nsec duration. The laser system 
8 ከ የ =..ከክርርዐ] in detail in Ref. 5 and is shown in Figure 2.1. 

The holocamera [Ref. 4] was used with AGFA-GEVAERT 
ET» DENOEePraphic plates teo record the image of the 3-D 
mercer combustion process. The lens-assisted holographic 
technique was incorporated into the holocamera to increase 
mo resolution. Am electrical Uniblitz shutter is used to 
ከ ከ ርር! ስ ን holographic plates. The holocamera and motor are 
mown im Figure 2.2. 

Ds se ron to improve the holographic recordings, 
mye plano convex Lenses in the holocamera were replaced and a 
Complete, end-to-end, system alignment was conducted. Some 


EMIMStyeation was made into the reduction of "fringes" which 
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b. Pulsed Ruby Power and Caps pM M 


Figure 2.1. Pulsed Ruby Recording Laser and Controlan 
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Ne 2.1 (Continued) Pulsed Ruby Recording Laser and 
Control Panel 





mere 292. Holocamera and Vertically Mounted 3-D Motor 


ÉS 


are introduced into the hologram due to the nonperpendicular 
alignment of the L5 and L4 lenses and Siar yoy ٦ Filters 2m 
the removable ٔ +9 +٤ ٥ 

The recommendation, made by Yoon [Re I BS PR po E 
the laser/holocamera system by an automated means was implemented. 
An electrical connection was made from the system control panel 
to a data bus on an HP-9836S computer system. A program, which 
samples the chamber pressure data of the 3-D motor r sa 
laser when the desired trigger pressure and time delay are mete. 
This method allows the hologram to be taken at or near the 
peak pressure, prior to the production of lar ሽ፡ዘ ፡።ህቄ Ê 
5716 ۴6 0 ۷۷۳ 

2. HologrameReeonstruerien 

A Spectra-Physics krypton-ion CW gas laser was uses 
rear illuminate the developed hologram. The plate was mounted 
in the holocamera box and then mounted on a  ک‎ 11111 7 
degree x to the laser beam. The laser haqq anton K ٣٥٣ 
0.5 watts at a wavelength o£ 647.1 nm. A rotating mylar Gi 
was used at the focal point of 3 variable pover mi oeeo 
This reduced the amount of speckle present in the recon- 
structed hologram. Photographs were taken via a Gamera Im m 
on the microscope. Figure 2.5 shows thersy ). . ክህ:  ፡ 5 

The krypton-ion laser, as shown 13۰ 
also used to determine the best obtainable resolution of the 
system. The increased coherence and use of the Same laser tom 
taking and reconstructing the hologram should provide hc 10 


possible resolution. 


ES 











Figure 2.4. Krypton Laser and Holocamera system 


5. Three-Dimensional Motor 

A short, stainless steel, windowed, -3-D motor with 
graphite exhaust nozzles, Figure 2.5, Was use i 11 
same motor as was used by Yoon [Ref. 5]. Figure 276 Shou m 
vertically mounted motor as prepared for te. 1moe 

The window on the entry side of the motor was ent êdê 
to match the 0.5 inch diameter window on the exit side. This 
0 ۳ allowed more laser light to pass, and provided a 
greater field-of-view. This was also done unam MI crt êê 
reduce the defraction or the laser beam around the Inlet k oin 
of the smaller window. 

The propellant grain was cylindrically perforated m 
also allowed (in some tests) 7 burn on the aft enik 

4. -Prope raint, 

The propellant used for most tests was provided by 
United Technologies, Chemical Systems Division and had the 
following composition: 

8 m 

> 1] ከ... ٤ 

- ረክ ሚከ ከ ከዓ rO) 
= ip Dees Fe,0, 

Several tests were also made usıng a propellant 
provided by the Air Force Rocket Propulsion Laboratory. This 
propellant had a higher loading and had the following 
composition: 

- 9 E 
> በን ን ጤው ት 
- 2.015 AT (40 myeronm) 


Bes cur: 
> 1 ህክ Sen 
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III. “EXPERIMENTAL ٤٤٦ 


A. SYSTEMPCGO l +9٣۷٦۷ 

Two methods were used to determine the resolution limits 
of the holographic system, one utilizing the ى٣‎ 
one utilizing the pulsed rubr me E krypton system 
provided an "ultimate" resolution because of increased Sy Smem 
coherence and due to the wavelength match of the hologram as 
taken and as reconstructed. The pulsed laser system was then 
used to determine the achievable resolution on the main SSA 
Two targets were used, a Laser Electro-Optics Ltd calibra ce 
standard reticle (RR-50-3.0-0.08-102) and ami ህከ) ) 
resolution bar COT EET. In addition, a series of holograms Was 
taken using the pulsed ruby system with the targetsiset ncm 
the rocket motor. 

These calibration holograms showed a resolution of 
approximately 10 microns with diffuse ገ1ኸበ eS 
than 5 microns with collimated ییکک۰>‎ © 
resolution was obtained using the bar targ CHSC CEE p ን 
windowed motor and collimated light. g PP e nozda using 
collimated light on this target resulted in  ከር፣የ። ይ 
hologram. However, the small amount of diffusion provided by 
the motor windows may have reduced this problem. The LEOS 
reticle yielded slightly less resolution, but the lower Alas 


of this target was reached or comparable results mitin 





Dee ena line drrrerentsystems gave very 
ዌ]ቢ፡፡፡፡፡ ፡ ያየ ጅያቻቾቕቾ፡፡ኛቻ e resolution as can be seen in Table I. 
AM@eencurrent thesis topic, by Tom Edwards, is investigating 
the possibility of image enhancement and automatic data 
Petrieval of the information in the holograms. The images are 
viewed in a similar manner as is used in this investigation, 
mem a LLIVY mounted on the microscope for recording the 
Pmitormatiom. Ihe pietures are then processed using an IBM 
PCAT. The level of the background noise is reduced, but no 
appreciable gains in resolution are currently possible. It 
one that this process can increase the resolution of the 
images by removing speckle in the diffuse holograms and by 
removing the schlieren effect found in the collimated holograms. 


The results of this process to date are included in Table I. 


ieee PRE-FIRING PREPARATION 
Preparing the system for firing required the following 


steps to be accomplished: 


ie Clean amd inspect holocamera optics. 

C uc Clean and install propellant imme borreas ing . 

S. Insert windows, nozzle, and end-plates into motor 
Casing: 

4. Manufacture igniters by inserting copper wires into 


ስንስት ስ ቢቢ ስያ፡ሜሕ፡ች፡ችዲች፡ርዕን | ۲۱۰ በ1የ161 ህ!ዮር5 together, fill with 
BKNO. powder, and seal the open end and wire entry holes 
With” epoxy. 

በከ ፡!|| motor vertically on the test stand. 


install “and adjust nitrogen purge and pressure lines. 
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a. Unemreaneced Reconstruction 
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ቅ; ንሙ pPhetoeraph of Reconstructed Hologram of USAF 
ከፐ ተሇፖለሜ፡ ነ ብር ከሆነን ርን Illumination 
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Reconstruction With Image Enhancement 


Photograph of Reconstructed Hologram ر ر1‎ ንክ) 
Target Using Collimated Kryptonm iinun n dÊ 
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Icons trucción With image Enhancement 


urea. hOtosraph of Reconstructed Hologram of LEOS 
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a. Unenhanced Rewer I Tên 





b. Reconstruction With Imas Tohme ٦ 
Figure 3.4. Photograph of Reconstructed ١9۷٦۷۷۷ ص۹ 5 و‎ ٤١ 


Target Using Collimated Krypton Illumination 








7 eeUnenhameced Reconstruction 





b. Reconstruction With Image Enhancement 


Rome 5.5. Photograph of Reconstructed Hologram SuSE 
Dou (Ji mS e DErtuse Ruby Illumination 
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b. Reconstruction With 1በዉርርጩ ከፕ ከ ህህ 


Figure 3.6. Photograph of Reconstructed Hologram of USAF 
Target Using Collimated Ruby Illumination 
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b. Reconstruction With Image Enhancement 


Figure 3.8. Photograph of Reconstructed Hologram Rp 
Target Using Coll mated RUD 11ں‎ 
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Bro Lon Witch Image Enhancement 


Eure 5.9 Photograph of Reconstructed Hologram of USAF 
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b. Reconstruction With LD on n m 


Photograph of Reconstructed Hologram orale 
Target in 5S-D Motor UšSinmorGCollima R nz 
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D -rc-mpSho'oesmera*und check for proper alignment 
between scene and reference beams. 


8. Turn laser on and allow warmup. 
PME us program imee HP-98505 and connect all interfaces. 
110.5 PUER ጨን TO iu in sdueers for program. 
11. Ensure remaining power lines and instrumentation are 
ac Cached. 
mee conduct final continuity/ground check on igniter. 


meee MOTOR FIRING SEQUENCE 
A Honeywell Visicorder provided a time record of events 

including a pressure trace, a light diode trace for laser 
firing, and an events trace. The laser was fired in a computer 
aemerolted mode in order to accurately control the hologram 
Bong. (his required two motor firings, one to produce a 
pressure-time trace | ጋ! 11112 propellant and motor 
geometry and one to take the hologram. A threshold pressure 
and time delay were then chosen for insertion into the computer 
program. A typical sequence after completion of the preparation 
follows: 

NEM c3 electrical connectrons. 

2. Remove exhaust duct cover plate. 

3. Load holographic plate into holocamera. 


I Mount Camera box on holocamera and remove reference 
beam shutter. 


meee Check all control panel switches for proper positioning. 
6. Insure program readiness. 
7. Turn on warning light, secure test area, and sound 


warning horn. 


ty 
ርቃ] 


9. Charge the laser to its firing voltage OLI 


9. ۲٦٢٣٠٠٠0" 7 ۴ ق‎ ۶ ٘ ٔ))۶۹ m 

10. +0 vers te. weer. 

il. Initiate firing sequence. 

12. Upon completion of burn, discharge capaci Sr R ee 


secure the laser system and test cell. 


D. HOLOGRAM PROCESSING 
The holocamera box was removed from the test cell into a 
darkroom for development by the following method: 


l. Immersion in Kodak HRP developer for 15-30 secondssas 
determined by visual inspection. 


2. A rinse in Kodak Stop Bath for 30 secomace 
oO ሰክ ህብ የ በ. ም 


4. A Kodak Hypo Fix bath was used to set the image, 
immersion time was 5 minutes. 


5. Fresh water rinse tor 0 mnnises 
6. Kodak Photo-flo immersion for SU s c c or P 
is 2-5 hour mcn 


E. HOLOGRAM RECONSTRUCTION 
The holograms were reconstructed using the ١١٢٠٠٥ 
laser system and microscope in the following manner: 


1. The laser system was turned on according to instructions 
in the operating manu w 


2. The exposed plate was remounted into the holocamera box 
and the box was mounted onto the microscope stand. 


3. The laser and hologram were then aligned to a 60 degree 
angle and the laser shutter and aperature were opened. 





Ia ሼ ስጮሚምኞኤ መ፡፡፤ሀ፡ ዕከርክ the stationary mylar disk 
was accomplished. The mylar disk was then rotated to 
blur the speckle and then the holocamera shutter was 
removed, exposing the image. 


The image was then viewed with further magnification. 


IV. RESULTS AND DISCUSSION OF MOTOR FIRINGS 


Transmittance measurements were conducted usTHceMp M ٦ 
aluminized, AP/HTPB propellant in the three-dimensional motor. 
Two runs were performed, with each giving different ٣ ہف‎ 
the transmittance/pressure correlation. The first run n 
conducted with the head-end and sides inhibited, a 0.4 inch 
diameter center perforation and a 0.25 inch diameter ex m g 
nozzle. A pressure of 540 psi was reached with transmittance 
greater than zero to about 240 psi, "Ime ne OS 
conducted with the head-end and sides inhibited, a UU wie 
diameter center perforation and a 0.5 inch diameter exnauz 
nozzle. <A pressure of 270 psi was reached with a transmit 
greater than zero until about 150 psi. The inconsistency of 
the run-to-run results indicate that varying motor geomern, 
may make high pressure holograms possible. 

Holograms were attempted using both 2$ aluminized 
propellants. Holograms were obtained at 91, 110, and Zur 
using the HTPB/AP/Al propellant, however, Smoke precludes 
taking of holograms using the AP/GAP/AI propellant. Table 
Summarized the conditions ۹ی۶۶‎ ٣ 

The particle distribution varied from run to run e 
greatest variation caused by variation of the center ۰۶٣-٣۶٣۷٦٣٢ 
diameter of the grain. The small diameter, Onn. 


dense center core of particles with a lighter dista 
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towards the walls. The larger diameter, 0.8 inch, resume 
in a more even distribution throughout the motor volume. NO 
pressure/particle size correlation could be established. 
Table III contains the hologram information. ThewetPec MM 
present image enhancements can be seen in Figure 4.4. This 
concurrent thesis holds the promise of much fasten aaa. 
retrieval from the holograms, which is an extremely 8 0٣٥ 
task under present conditions. In addition, this process 
eliminates much of the background noise from the holograms. 
This process will allow the choice of diffuse or collimatea 
holograms, whichever best fits the situation. Ru ٦ 
collimated light may make penetration of the dense combustion 
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Figure 4.1. Photograph of Reconstructed Honna. r mE 
Propellant Burned at 25 5 
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Figure 4.2. Photograph of 666۶٥٠٠٠٠٠٠٥٥٥ 
Propellant Burned at 110 psi i 
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pure 125 "Photograph of Reconstructed Hologram of 
Propellant Burned at 91 psi 
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٠ت‎ Poio rap Of Reconstructed and Enhanced 
በበን ከ Propellant Burned at 91 psi 
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V. CONCLUSIONS AND RECOMMENDATIONS 


Good quality holograms were obtained in a small 5-D motor 
using 2% aluminized, composite propellants O DEE M 
280 psia. 

Two major difficulties were encountered during this 
investigation, the inability to exactly time the taking of the 
hologram and the location of the motor windows with respect to 
the propellant grain. The ability to time the holoe rame ae 
can eliminate many problems currently being 7 such 
as run-to-run inconsistencies in the pressure/time trace and 
smoke production. In the current motor, the windows are 
located at the end of the propellant grain, mi es 
propellant to a 1 inch grain length, and reducing the spread 
of the particles and smoke throughout the motor volume. 
Variations in motor grain geometry and the addition ወ ህክ 
extension on top of the current motor would allow a longer 
distance for the particle distribution and smoke to Spread ze 
thus allow higher pressures to be attempted. Some mod nê GENÊ 
to the current computer program which Controls + + +9 ٦ 
the laser could also eliminate the timing በ = 

The introduction of a different type of laser, suchzas rg 
would allow an opportunity to see if vary EP ne ከ 


wavelength might reduce the effects of smoke on transmittance. 
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